• Pseudo-second order kinetic model primarily governed the phenol uptake process • The average effective diffusivity (6.4×10
tect public health and the environment, the treatment of phenolic wastewater is necessary before their safe disposal. Several traditional methods can be used for the removal of phenolic compounds from aqueous solutions [3] . Adsorption is considered to be the most powerful separation and purification method because of various reasons [4] . During the past few decades, several low cost adsorbents have been used for removing organic pollutants from wastewater [5] [6] [7] . Though the adsorption of pollutants onto activated carbon is a well-known process, there are several factors that limit its use as an adsorbent [8] . Therefore, new adsorbents that are economically viable, easily available, having strong affinity and high loading capacity need to be explored.
In the present work, Mahua seeds activated carbon (MSAC) was developed in the laboratory and used as low cost adsorbent for the removal of phenol from aqueous solution. Effects of experimental parameters such as initial pH of the solution, contact time, initial phenol concentration, MSAC concentration, etc. were studied. The mechanism of phenol adsorption onto MSAC was evaluated in terms of thermodynamics and kinetics. The adsorption isotherms were described by using Langmuir and Freundlich isotherm models.
MATERIALS AND METHODS
All chemicals used in this work were of analytical reagent grade. Deionized water was used for all dilutions. A stock solution of 1000 mg/l phenol was prepared by dissolving appropriate amount of phenol (Merck, Darmstadt, Germany) in 1 L of deionized water. The required concentration of phenol solution was prepared by diluting appropriate volume of the stock solution. The pH of the solution was adjusted by addition of 0.1 M HCl or 0.1 M NaOH solutions. Adsorption of phenol onto MSAC was investigated through a batch process.
Details of MSAC preparation from mahua seed are presented in this paragraph. A tubular reactor was used for the production of activated carbon. The precursor sample was pyrolyzed at 750 K for 5 h under N 2 atmosphere. Sufficient amount of carbonized material was treated with saturated solution of NaOH for activation to increase the adsorption capacity of MSAC [9] . The sample was then dried in an oven at a temperature of 115 °C for 8 h. These mixtures were heated to 450-650 °C for 2-3 h in a nitrogen atmosphere in the horizontal furnace with a heating rate of 5 °C/min. The activated carbon was taken out from the furnace and allowed to cool at ambient conditions. After chemical activation, the final product was washed with double distillated water (DDW) until the pH of the residual solution became 6-7. All the water soluble impurities were removed by washing with DDW [10] . Immediately after washing, the sample was dried in the oven at 110 °C for 120 min and the activated carbon prepared was preserved for end use. Prepared MSAC was characterized for textural characteristics and point of zero charge. Moreover, Fourier transform infra-red (FTIR) and scanning electron microscopy (SEM) analysis was also done.
For adsorption experiments, 50 ml of phenol solution in the concentrations range of 50-150 mg/l was transferred into a series of conical flasks. Known amount of MSAC was added to the solution, and the mixture was agitated on a mechanical water bath shaker at 250 rpm. After reaching equilibrium, the suspension was filtered through 0.45 µm of syringe driven filter membrane (Millex, Millipore), and the supernatant was analyzed for residual phenol concentration using a double beam UV-vis spectrophotometer. The amount of the phenol adsorbed by the MSAC was calculated using the following equation:
q c c w (1) where c o (mg/l) is the initial concentration of phenol solution, c e (mg/l) is the equilibrium concentration of phenol in aqueous solution, w (g/l) is the MSAC concentration, and q e (mg/g) is the amount of calculated phenol uptake onto MSAC. Marquardt's percent standard deviation (MPSD) error function [11] was also employed in this study to find out the most suitable kinetic and isotherm model to represent the experimental data. MPSD error function is given as:
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where q e,exp and q e,cal are the experimental and calculated equilibrium adsorbate uptake, respectively, and n is the number of data points.
RESULTS AND DISCUSSION

Characterization of MSAC
The detailed characterization of MSAC is presented in Table 1 . The bulk density of MSAC was found to be 0.77 kg/m 3 . The proximate analysis shows that the amount of carbon content present in MSAC was more than 55% and that the amount of ash was only 3.6%. Chemical analysis of ash showed presence of silicon, iron, magnesium and calcium oxides in MSAC. Ultimate analysis of MSAC showed 58.33% carbon; 3.98% hydrogen; 2.37% nitrogen, and oxygen by balance was found to be 34.28 %; and trace amounts of sulfur were also observed.
The Brunauer-Emmett-Teller (BET) surface area of MSAC was found to be 45 m 2 /g using N 2 adsorption isotherm. The Barrett-Joyner-Halenda (BJH) adsorption/desorption surface area of pores was found to be ∼22/16 m 2 /g. The single point total pore volume of pores (< 2621.3 Å) was 0.134 cm 3 /g, whereas the cumulative pore volume of pores (20 < The morphologies of blank and phenol-loaded MSAC were examined by scanning electron microscopy (SEM) analysis. The SEMs of the blank and phenol-loaded MSAC are shown in Figure 1 . These figures indicate the surface texture and porosity of the blank and phenol loaded adsorbent. SEM micrographs of MSAC at 600× magnification ( Figure 1) show the fibrous structure and strands of the fibre. It can be inferred from these figures that the surface texture of the blank MSAC changes (rough surface morphology to smoother morphology) after the adsorption of phenol. These changes in morphology are in good agreement with the literature for various materials [12] . The changes in the FTIR spectra of MSAC due to adsorption of phenol are shown in Figure 2 . The chemical structure of the adsorbent is of vital importance in understanding the sorption process. The sorption capacity of adsorbents is strongly influenced by the chemical structure of their surface. The carbon-oxygen functional groups are by far the most important structures in influencing the surface characteristics and surface behavior of MSAC. The OH stretching vibrations band of surface hydroxyl groups and chemisorbed water was observed between 3000 and 3700 cm -1 . The shifting of this band at lower wave numbers indicates the presence of strong hydrogen bonds between surface functional groups and adsorbed water molecules [13] . This stretching is due to both the silanol groups (Si-OH) and adsorbed water (peak at 3400 cm -1 ) on the surface [14] . The FTIR spectra of the samples below 1800 cm -1 show change in chemical structure of the surface and structural oxygen groups. The peak referred to the band of 175--1550 cm -1 can also be attributed to C=O moieties stretching vibration in carboxylic, ester, lactonic or anhydride groups, and conjugated systems like diketone, ketoesters and keto-enol structures [15] . The FTIR spectra peak at 1056 cm -1 may be due to C-O stretching vibrations [16] . The FTIR spectra band around ∼1400 cm -1 may be due to the carboxylcarbonate structures. The functional groups suggested most often are: i) carboxyl groups, ii) phenolic hydroxyl groups, iii) carbonyl groups and iv) lactone groups [17] . The bands referred to the peak at 900--1100 cm -1 are due to Si-O and Si-O-Si stretching and bending vibrations. [18] . Phenol is adsorbed on carbon surface in four different states: physically adsorbed phenol, hydrogen-bonded phenol, phenol in interaction with a Lewis acid site, and Bronsted acid site [19] . The FTIR spectra of the virgin and phenol loaded MSAC are shown in Figure 2 . Two clear peaks around 1450-1500 cm -1 and 1620-1650 cm -1 can be identified that seem to be affected by phenol adsorption. The peak around 1400 cm -1 in the range from 1400 to 1500 cm -1 is the characteristic band of phenol bonded to Lewis site. The peaks around 1630 cm -1 in the range of 1600-1650 cm -1 are due to the bond of phenol to the Bronsted site [20] . These peaks are normally attributed to adsorbed bound water onto the sorbent surface. The peak around 1400 cm -1 indicates that water was lost and the phenol interacted with the cationic surface of the adsorbents within the interlayer space [21] [22] . The peak around 1630 cm -1 is attributed to hydrogen bending vibrations reflecting the presence of bound water. Peak around 1600 cm -1 may also be due to conjugated hydrocarbon bonded carboxyl groups. Upon phenol adsorption, these peaks get partially shifted.
Effect of MSAC concentration
The effects of MSAC concentration (keeping unchanged pH, adsorbate concentration, contact time and temperature) on the uptake of phenol from aqueous solutions were investigated by using different MSAC concentrations in the range of 0.5-6 g/l and initial phenol concentration of 100 mg/l at pH 6. As the MSAC concentration was increased from 0.5 to 6 g/l, the equilibrium adsorption capacity (q c ) of MSAC decreased from 76.33 to 14.36 mg/g, whereas the phenol removal efficiency increased from 38.17 to 86.16%. The increase in adsorption percentage of phenol was due to the increased availability of active adsorption sites with an increase in MSAC dosage. The adsorption capacity, the amount adsorbed per unit mass of adsorbent, decreases mainly due to insufficient of adsorption sites [23] and due to particle interaction, such as aggregation, resulting from high adsorbent concentration. Such aggregation cause decrease in total surface area of the sorbent and an increase in diffusion path length [24] [25] [26] .
Effect of pH
The solution pH is the one of the most important factor that controls the sorption of phenol. Figure 3 shows the effect of solution pH on the adsorption capacity of MSAC for phenol. The results presented in the figure reveal that the adsorption increased with an increase in pH of the phenol solution initially but thereafter it declined. As shown in Figure 3 , the amount of phenol sorbed by MSAC slowly increased with an increase in pH of phenol solution from 2 to 6 and the optimum pH observed at 6. Maximum uptake of phenol was about 31.99 mg/g at pH 6. The effect of pH may be explained in terms of pH zpc (zero point of charge) of the adsorbent, at which the adsorbent is neutral. The surface charge of the adsorbent is positive when suspension pH is below pH zpc (pH zpc 9 determined by solid addition method [27] for MSAC) [25] . The surface charge of the adsorbent became positive, thus increasing the adsorption significantly.
Before a phenolic compound attaches to the surface of the adsorbent (M + =MSAC), it undergoes a dissociation process as illustrated by the following equation:
The phenolic compound ionizes to phenolate anion and a proton. The proposed equilibrium model for the adsorption can be presented as:
Effect of contact time and initial phenol concentration on sorption efficiency
The effect of contact time and initial phenol concentration (50-150 mg/l) was investigated at optimum pH of 6 in the presence of 1.2 g/l of MSAC. It was observed that an increase in the phenol concentrations increases the phenol sorption capacity from 12.46 to 37.52 mg/g in 5 h equilibrium time. The increase in adsorption capacity may be due to the higher adsorption rate of phenol and the utilization of all available active sites for adsorption at higher phenol concentration. A further increase in the contact time has a negligible effect on the rate of phenol adsorption. The rate of phenol uptake is higher in the beginning due to larger surface area of the MSAC being available for phenol adsorption. Later as the adsorbed material forms a monolayer, the capacity of the adsorbent gets exhausted and no further uptake of phenol was observed. It was observed that after 5 h of mixing the adsorption capacity of the adsorbent was exhausted.
Adsorption kinetic studies
Adsorption kinetics describes the relationship of solute uptake rate of the adsorption and the adsorption time. The results obtained for rate of adsorption of phenol on to the MSAC at different concentrations and contact times were analyzed by using the pseudo-first-order, pseudo-second-order and Boyd models. The pseudo-first-order and second-order kinetic models were used to test the experimental kinetic data by nonlinear fitting. The pseudo first-order equation is given as follows:
Eqation (5) can be linearized into the following form:
ln( ) ln tkt (6) Eqation (6) can further be written as:
exp(ln ) tkt (7) where k f (min -1 ) is the rate constant of pseudo-first order adsorption, q e and q t (µg/g) are the adsorbed amount at equilibrium and at time t.
The pseudo-second order model can be represented as given below:
Integrating Eq. (8) and using conditions that q t = 0 at t = 0, the following equation is obtained: 
The initial sorption rate, h (mg/g min) at t = 0 is defined as:
where k s is the pseudo-second order rate constant (g/mg.min). h, q e and k s can be determined from the non-linear regression of Eq. (9).
The best-fit values of h, q e and k s along with the correlation coefficient values of phenol under different concentration range for the pseudo-first order and pseudo-second order models are shown in Table 2 . The kinetic data were analyzed for the phenol uptake by plotting q t versus t to the pseudo-first-order, pseudo-second-order and Boyd kinetic models. It is clear from the plot of q t versus t that an increase in initial phenol concentration leads to the increase in adsorption capacity, q e , this indicates that the initial phenol concentration is an important parameter in determining the adsorption capacity of phenol uptake onto MSAC. Figure 4 shows that the pseudo-second order model fits the experimental data better than pseudo-first-order model for the entire adsorption period of phenol concentrations. Moreover, it was further noticed from the regression data in Table 2 that the values of q e,cal , obtained from the pseudosecond-order model are closer to the experimental results than q e,exp obtained from pseudo-first-order model. Furthermore, for various concentrations of phenol, the constants calculated from the plots are given in Table 2 . The R 2 values are excellent and calculated q e values match well with experimental ones. Therefore, the sorption of phenol onto MSAC follows the second-order reaction kinetics. Thus supporting the basics assumption in the model that chemisorption plays a major role in this adsorption system. Similar results have been reported for phenol adsorption from aqueous solutions onto Luffa cylindrical fibers [28] . 
Effective diffusivity
To identify whether surface diffusion controlled the adsorption process, the kinetic data were analyzed using Boyd kinetic expression, which is given as follows:
= − − − 0.4977 ln (1 ) t t B F (12) where = e t t Fis the fractional attainment of equilibrium at time t and B t is the mathematical func- Effective diffusivity was calculated by the kinetic model given by Boyd et al. [29] : /s for phenol and hydroquinone adsorption onto GAC, respectively [27, 30] .
Aravindhan et al. [23] obtained the average effective diffusivity value of 1.44×10 -9 cm 2 /s for phenol removal by modified green macroalgae, where they suggested that the intra-particle diffusion is negligible in comparison to external mass transfer.
Equilibrium isotherms
The results of phenol removal by MSAC at equilibrium were studied by the various isotherm models available in the literature for adsorption such as the Langmuir, Freundlich, Temkin and Redlich-Peterson, each of them being able to provide useful information on the sorption mechanism. The complete details about these isotherms are presented elsewhere [31] . [30, 32, 33] .
The values of the Temkin parameters presented in Table 2 indicate uniform distribution of binding energy up to maximum value and that phenol biosorption by MSAC (B T = 13.15 kJ/ mol) is exothermic in nature. The R 2 values (given in Table 3 ) alone are not enough to determine the best isotherm model to represent the experimental data because they are mostly greater than 0.99 for all four models. The MPSD values are smaller for the Langmuir model compared to the other models. Therefore, the Langmuir model may be taken to represent the adsorption isotherm data of the phenol-MSAC system adequately and satisfactorily. Table 4 lists some of the low cost materials used as adsorbents for the removal of phenol and their adsorption capacity values. From Table 4 , it is observed that the sorption capacity of MSAC determined from the present study is higher than the non-conventional low cost adsorbents previously reported for the uptake of phenol from its aqueous solutions [32] .
Effect of temperature on thermodynamics parameter on adsorption of phenol To study the thermodynamics of adsorption of phenol on MSAC, thermodynamic constants such as enthalpy change, ΔH, free energy change, ΔG, and entropy change, ΔS, were calculated through Eqs. (12)- (14) . The values of these parameters are given in Table 5 . Thermodynamic parameters ΔH, ΔS and ΔG for phenolic ions-MSAC system was calculated using the following equations:
e e c c q V K c w c (16) Generally, the absolute magnitude of the change in free energy for physisorption is between -20 and 0 kJ/mol and for chemisorption in the range of -80 to -400 kJ/mol. Table 5 indicates that the change in free energy for biosorption of phenol onto MSAC varies from -18.35 to -14.77 kJ/mol from temperature range 303 to 333 K, with an initial concentrations of 50-150 mg/l. Hence, this process can be considered as physisorption. The negative values of ΔG shows that the biosorption of phenol onto MSAC is spontaneous. It can also be noted that the change in free energy decreased with an increase in temperature. The negative value of change in enthalpy (ΔH) shows that the biosorption is exothermic in nature. The negative values of ΔS suggest that the adsorbed species are stable. Immobilization of the phenol molecules as a result of adsorption will decrease the degree of freedom of the phenol molecules and that is why the ΔS values are negative [23, 34, 35] .
Mass transfer study A mass transfer phenomenon was studied with the help of the following equations:
wK wK wK (17) ρ ε
w S d (18) where c o and c t are the initial phenol concentration (mg/l) and concentration at time t of the adsorbate species, respectively, w (g/l) is mass of the adsorbent. K (l/g) is the Langmuir constant, ρ p (cm/s) is the mass transfer coefficient and Ss (l/cm) is the outer surface of the adsorbent per unit volume. (20) For this purpose, the equilibrium concentration (c e ) at a constant equilibrium amount of adsorbed solute, q e , is obtained from the adsorption isotherm data at different temperatures. Δ st,a H is calculated from the slope of the ln c e versus 1/T plot for different q e of phenol onto MSAC [27] . The isosters corresponding to different equilibrium adsorption uptake of phenol by all the adsorbents is shown in Figure 7 . The variation of Δ st,a H for the adsorption of phenol with the surface loading is presented in Figure 8 . The
is increasing with increasing surface loading for MSAC indicating that MSAC have more homogeneous surface. The dependence of heat of adsorption with surface coverage is usually observed to display the adsorbent-adsorbate interaction. The negative values of isosteric heat of adsorption for all the adsorbate-adsorbent systems shows that the sorption of phenol is an exothermic process [27] .
CONCLUSION
This study shows that MSAC could be used as an effective adsorbent for the removal of phenol from aqueous solutions. Maximum adsorption of phenol occurred at pH 6. Equilibrium between the phenol in the solution and on the MSAC surface was practically achieved in 300 min. The sorption kinetics followed a pseudo-second-order model. The Langmuir isotherm model best represented the equilibrium sorption data adequately and satisfactorily at all temperatures. The negative values of changes in the Gibbs free energy and heat of adsorption at all the temperature indicated the adsorption of phenol onto MSAC is spontaneous and exothermic in nature. The present study showed that the MSAC can be used effectively as an adsorbent for the removal of phenol from aqueous solutions. 
